Due to vigorous Neogene geodynamic processes, including oceanic subduction, slab break-off and mountain building in the Carpathian Arc, the architecture of the lithosphere in Romania is quite complicated. To improve the knowledge about the lithosphere-asthenosphere system in this region the passive seismological CALIXTO99 experiment was conducted in 1999 in the SE part of Romania. Here we present crustal models derived from the analysis of teleseismic recordings with the receiver function (RF) method of the 120 temporarily installed stations and of the permanent GEOFON stations MLR and TIRR. The RF results extend the known crustal models which are based mainly on seismic refraction work and analysis of regional earthquakes. We apply a grid-search inversion at 30 stations and use two different error estimation methods to determine the Moho depth and the average crustal v p /v s ratio. The complex 3-D intracrustal structure, especially the deep sedimentary basins, distorts significantly the RF waveforms within the whole station network. This leads to ambiguous results at some stations. Our model of the Moho depth has a maximum crustal thickness in the SE Carpathian Mountains at station MLR with a depth of about 45 km and an average crustal v p /v s ratio of 1.79. The surrounding crust in SE Romania has a thickness of mainly 35-40 km. The RFs at MLR are characterized by clear azimuthal effects that can be correlated with the variation of the sediment thickness in the foredeep of the Carpathian Mountains. A RF waveform inversion verifies these results and gains improved 1-D S-wave velocity models at several stations in SE Romania.
INTROD U C T I O N
The intensive study of the Eastern and Southern Carpathian Mountains and their intermediate-depth seismicity started after the disastrous earthquake in 1977 (Fuchs et al. 1979) when 1570 people died mainly in Bucharest, the capital of Romania. Since then numerous questions appeared about the cause for these strong earthquakes and the consequences for SE Romania (e.g. Wenzel et al. 1998 Wenzel et al. , 1999 . The seismicity of the region (Fig. 1 ) can be divided in two different types, namely the widely scattered shallow crustal seismic activity with moderate magnitudes (up to M ∼ 6) and the intense intermediate-depth seismicity (up at least M = 7.7), which is concentrated in a very small area of about 40 km × 80 km and a depth range between 60 and 180 km (Oncescu & Bonjer 1997; Oncescu et al. 1999) . In this area, called the Vrancea source zone (Fig. 1) , the moment magnitudes can reach at least M w ∼ 7.7 (e.g. in 1940 November). These earthquakes represent a major potential hazard for the whole region, especially for the metropolitan area of Bucharest that is built on relatively unconsolidated sediments. The * Now at: Institute of Geophysics, ETH Hoenggerberg, CH-8093 Zurich,
Switzerland. E-mail: diehl@tomo.ig.erdw.ethz.ch intermediate-depth seismicity (Fig. 1, inset) is separated from the crustal events by a transition zone with only weak seismicity between about 40 and 60 km depth (Fuchs et al. 1979; Oncescu et al. 1999) .
Several tomography studies revealed an isolated body with high seismic velocity in the upper mantle underneath the Vrancea region (e.g. Oncescu et al. 1984; Fan et al. 1998; Wortel & Spakman 2000) . This anomaly is interpreted as subducted and detached oceanic lithosphere (Wenzel et al. 1998; Sperner et al. 2001) . The subduction-related stresses have been identified as the source of the intermediate-depth seismicity. Nevertheless, there are still a lot of uncertainties concerning, for example, the coupling between crust and slab as well as the spatial dimension of the sinking slab.
For a better understanding of the Vrancea earthquakes detailed investigations of the crustal and uppermost mantle structures are conducted within the framework of the Collaborating Research Centre 461 'Strong Earthquakes-a Challenge for Geosciences and Civil Engineering' at the University of Karlsruhe (Germany) in close cooperation with the Romanian Group for Vrancea Strong Earthquakes at the Romanian Academy in Bucharest (Wenzel et al. 1998) . In 1999, the VRANCEA99 seismic refraction project was conducted, in order to study the crust (Hauser et al. 2001;  238 C 23˚E  24˚E  25˚E  26˚E  27˚E  28˚E  29˚E  30˚E   44˚N   45˚N   46˚N   47˚N   23˚E  24˚E  25˚E  26˚E  27˚E  28˚E  29˚E Oncescu & Bonjer (1997) and updates. Crustal events (crosses) are widely scattered over the region, whereas the intense intermediate-depth seismicity (circles) is concentrated in the Vrancea zone, at the SE bend of the Carpathian Arc. The inset with the vertical NW-SE cross-section through this region (dotted line in map) shows the hypocentre distribution with depth. The depth to the crystalline basement in the range of the foredeep is indicated by the 10-km and 15-km contour lines (dashed lines). MLR and TIRR are broad-band stations of the GEOFON network (triangles). Raileanu et al. 2004 Raileanu et al. , 2005 . The 320-km-long profile traversed the Vrancea zone in NNE-SSW direction (Fig. 2 ). This line was followed by the VRANCEA2001 seismic refraction experiment in 2001 (Hauser et al. 2002) , which extend over 400 km in WNW-ENE direction (Fig. 2) . The P-wave models for both profiles indicate a Moho depth of around 40 km and the absence of a distinct crustal thickening underneath the Carpathian Mountains. Towards the Moesian Platform ( Fig. 1 ) in the SW part of the VRANCEA99 profile, the Moho depth decreases to about 30 km. The seismic refraction models contain locally very thick sedimentary layers (15-20 km) in the foredeep, in particular in the Focsani basin (Fig. 1) , which had also been mapped before (Polonic 1996) . Previous investigations of the crustal structure were conducted with seismic reflection and refraction measurements (e.g. Raileanu et al. 1994) . Enescu et al. (1992) derived empirical crustal velocitydepth functions for P and S waves with local earthquake studies. A map of the crystalline basement was compiled by Polonic (1996) from a large amount of geological and geophysical data, including borehole information and seismic profiles. These models were combined by Martin et al. (2005) to a 3-D crustal model for SE Romania.
RAS
From 1999 May until November the passive seismological experiment CALIXTO99 (Carpathian Arc LIthosphere X-TOmography) was conducted in SE Romania (Martin et al. 2005) . The aim of CAL-IXTO99 was the recording of local and teleseismic events in order to determine the structure of the lithosphere and upper asthenosphere. During the experiment 120 mobile recording stations, including 24 broad-band (BB) sensors (Streckeisen STS-2 and Güralp 40T and T3), were installed with an average spacing of about 20 km in the Vrancea zone and about 30 km at the edges of the network (Fig. 2) . The whole network covered about 300 km in E-W extension and 400 km in N-S extension and recorded mostly with 20 and 50 samples per second. In addition, the data of the GEO-FON (Hanka & Kind 1994 ) BB stations Muntele Rosu and Tirgusor (MLR and TIRR, triangles in Fig. 2 ) are available which are situated in the SE part of the Carpathian Arc (MLR) and close to the Black Sea (TIRR). We analyse these data sets with the receiver function (RF) method, in order to determine Moho depths, crustal v p /v s ratios and shear wave velocity models underneath the CALIXTO99 stations, TIRR and MLR. Our results complement and extend the existing 2-D crustal models from the seismic refraction experiments to 3-D.
DATA
The CALIXTO99 data set consists of three-component recordings of local, regional and teleseismic earthquakes from 1999 May to November. We select 20 teleseismic events with epicentral distances between 30
• and 95
• , body wave magnitudes greater than 5.0 and a signal-to-noise ratio greater than 3 for the P-wave pulse. Most epicentres are situated along the northern Pacific rim (Fig. 3) and arrive with backazimuths (BAZs) between 0
• and 135
• at the CALIXTO99 network. Fig. 2 shows all CALIXTO99 stations with RF waveforms 23˚E  24˚E  25˚E  26˚E  27˚E  28˚E  29˚E  30˚E   44˚N   45˚N   46˚N   47˚N   23˚E  24˚E  25˚E  26˚E  27˚E  28˚E  29˚E  30˚E   44˚N   45˚N   46˚N of sufficient quality. The stations with reasonable inversion results based on a good waveform fit of major arrivals are labelled. The events from the same period of 7 months (CALIXTO99 period) are studied at the GEOFON station MLR. These results at MLR are then compared with data from a much longer recording period of 6 yr (1996) (1997) (1998) (1999) (2000) (2001) (2002) in order to check the stability of the method and the results. For this comparison the waveforms of 198 events are used (Fig. 3) . From the new GEOFON station TIRR we could use 84 teleseismic events.
METH O D S

Receiver functions
The RF method is based on the coupling between P and SV waves and their conversion at seismic velocity discontinuities (e.g. Moho) underneath a seismic station (e.g. Vinnik 1977; Kosarev et al. 1999) . We use teleseismic wavefields and analyse the P-to-S conversion at the Moho (Ps) and their reverberating phases in the crust. The crustal thickness and the average v p /v s ratio are determined by the grid-search inversion after Zhu & Kanamori (2000) . In order to verify the stability and the reliability of the results, we extend this method by a bootstrapping test and also perform a chi-square-like error estimation. Subsequently, we calculate synthetic RF waveforms with a plane wave approximation (Kind et al. 1995) and obtain improved shear wave velocity-depth functions by iterative waveform modelling and inversion. The pre-processing of the teleseismic waveform data and the calculation of the RFs is done according to Yuan et al. (1997) . The first step is the deconvolution of the raw ground velocity seismogram to true ground displacement. For short period (SP) sensors as the Mark L4 seismometers with 1 s eigenperiod we applied a simulation filter with 15 s eigenperiod to amplify the transfer function at low frequencies (Scherbaum 2001) . All BB and SP data are filtered with a fourth-order Butterworth bandpass filter from 0.5-12 s. After this pre-processing the seismometer components Z, N-S and E-W are rotated into the ray coordinate system L, Q and T (Plešinger et al. 1986 ) using the theoretical BAZ and rayparameter of the events. This rotation separates the different wave components. In case of an isotropic and flat layered medium L, Q and T components contain only P, SV and SH wave motions, respectively. The subsequent deconvolution of the Q component with the P wavelet on the L component removes the source function from the converted arrivals, and thus the RF for different events at a single station become comparable and can be summed to increase the signal-to-noise ratio. We apply a distance-dependent moveout correction to an average distance of 67
• before the stacking. A visual inspection of the waveforms is done to sort out noisy traces or traces with disturbances in front of the P-wave arrival, before accepting the final radial RFs.
Grid search for Moho depth and v p /v s ratio
To estimate the Moho depth H and the average v p /v s ratio κ of the crust below a station, we apply the grid-search method after Zhu & Kanamori (2000) which is valid for horizontal layering. This method uses the delay times of the direct Moho-converted phase (Ps) plus its multiply reverberated crustal phases PpPs and PpSs + PsPs. These three phases are weighted with factors w i (i = 1-3), which have normalized values of 0.55, 0.27 and 0.18, respectively. Here the multiples are weighted more than in Zhu & Kanamoris's (2000) study, because the Ps phase is often deformed by sedimentary phases. The stack function S(H , κ) and its maximum give the best fitting value for the model parameters H and κ. As input parameter the average crustal P-wave velocity v p must be estimated as stacking velocity. This unknown parameter is taken either from the two recent seismic refraction lines or from local Romanian earthquake studies (Enescu et al. 1992) in our case (see below).
The result of the H −κ grid search contains several uncertainties: the variance of the data due to seismic noise, lateral heterogeneities and the uncertainty of the input parameter v p . The determination of the model errors due to the data variance is quite difficult and often related errors for H and κ are given (for a discussion of such problems see Julià & Mejía (2004) ). Therefore, we focus on the stability and errors of our RF stacks with relatively few (≤20) recordings which are a typical amount for temporarily deployed networks. For this purpose two different methods are applied: a bootstrap-resampling technique and a chi-square-like error estimator.
Bootstrap resampling
To estimate the uncertainties of S(H , κ) due to the variability of the individual RFs we use the bootstrap resampling technique (e.g. Davison & Hinkley 1997) which was also applied to RF for example, by Julià & Mejía (2004) or Dugda et al. (2005) . The key concept of this technique is that the original set of N data points (RF traces) is resampled to form a large number of L 'sub'-data sets (ensembles). The different grid-search results (
of these ensembles are used to calculate the variance of the model parameters and reflect the stability of the stack function. By calculating the standard deviation for the model parameters (H , κ) and their correlation coefficient r we can determine the 1σ error ellipse (∼standard deviation) in the H − κ domain:
The resampling process is done according to Tichelaar & Ruff (1989) : a bootstrap ensemble is a random selection of n RF traces out of N original RF traces. Such an ensemble may contain a certain RF trace more than once. Usually the bootstrap resampling is done with n = N = const to estimate σ H and σ κ . Subsampling such as the jackknife method (Davison & Hinkley 1997 ) with variations of n from N to 1 can be done to study the dependency of H , κ, σ H , σ κ and r on n.
The amount L of ensembles is a free parameter. It controls more or less the smoothness of the result. L should be chosen as a compromise between an adequate smooth model distribution and an appropriate computation time. We tested values between 10 and 500, where the later represents the best compromise. In the case of very sparse data sets we expect a failure of this technique, because the different ensembles are no longer a random selection.
Chi-square-like error estimator
The misfit between model-predicted data and measured data can be expressed by the chi-square function (Bevington & Robinson 1992 ).
In our case the chi-square estimate is measured as the traveltime difference between the predicted arrival time of a conversion phase in the RF from a reference model and the arrival time of a phase in the measured RF trace in our case. The reference model corresponds to the Zhu & Kanamori (2000) grid-search result derived from the stack of all RF traces at the corresponding station. This time difference or absolute error of each RF phase (Ps, PpPs, . . .) is weighted as in the original grid search (see above). The performance of the chi-square method strongly depends on the quality of the RF trace. If a phase cannot clearly be identified, it is weighted with 'zero'. The arrival times in the reference model are: T ij (H , κ, p i , v p ) (with i = 1, . . . , N ; j = 1-3 and p i ith slowness) for the three phases. The picked arrival times in the measured RF are t ij . We get traveltime residuals from d ij = t ij − T ij and the weighting factors w i j . The weighted standard deviation for the jth phase is defined as (e.g. Bevington & Robinson 1992) :
with N : number of elements with w i j = 0. In this way we determine an 'error interval' for each of the three converted phases. Subsequently, we determine the solution couples of H and κ with a specific v p , which fall into the error intervals by the grid search after Zhu & Kanamori (2000) . (Raileanu et al. 2005) are given. Letters in parenthesises indicate the nearest CSS shotpoint (see Fig. 2 ). The v p values resulting from the CSS profiles are also compared with those derived from passive source seismology (PSS) (Raileanu et al. 1998; Enescu et al. 1992) . Table 1 ). A comparison of the seismic refraction models (CSS) and the local earthquake models (PSS) of Enescu et al. (1992) and Raileanu et al. (1998) suggests a variability of the average crustal P-wave velocity of at least ±0.2 km s −1 (Table 1) . This value may be too large for stations situated close to the seismic refraction profiles, but it appears reasonable for CALIXTO99 stations off the profiles. We study the influence of the uncertainty of the stacking velocity v p on the H − κ result by variations of v p within realistic bounds (6.0-6.4 km s −1 ). Therefore, we perform the bootstrap and chi-square analysis separately for three different plausible v p (6.0, 6.2 and 6.4 km s −1 ) to estimate the influence of v p on H and κ.
Waveform modelling and S-velocity structure
To test the results of the grid-search analysis and to extract more information from the RF trace, we apply the S-wave velocity (v s ) inversion after Kind et al. (1995) . This technique is based on a plane wave approximation and fits the synthetic RF waveform obtained from a starting model to the measured (stacked) RF by adjusting the v s model. During the inversion the number of layers and the depth of layer boundaries is kept fixed. These parameters may be adapted by trail and error to improve the waveform fit. As starting models we take the result from the grid search (H) and the gross crustal structure along the available seismic refraction profiles. A problem of this inversion technique is the ambiguity of the results, mainly in the case of complex waveforms due to strong crustal heterogeneity like 3-D varying sedimentary layers or dipping interfaces.
RESU LT S
Starting with the analysis of the radial RFs from station MLR, we verify the stability of the results by a comparison of the model parameters derived from the data of the 7 months CALIXTO99 period with the data set containing 6 yr of recordings. Based on this test the RFs at the CALIXTO99 stations are studied.
Station MLR
In Fig. 4 we present the RFs at MLR as function of the BAZ. The conversion phases from the sediment-basement boundary at around 0.5 s delay time are clearly visible as positive (black) phase, indicating a negative velocity contrast for an incident wavefield from below. The conversion phases from the Moho follow at 4-6 s delay time with an apparent sharp time-shift from 5.8 s to 4.1 s at a BAZ of ∼70
• . Other time shifts for the apparent Moho conversion phases are visible at BAZs of ∼180
• and ∼315
• . Thus similar crustal RF are obtained at BAZ intervals between 315-70
• , 70-180
• and 180-315
• . Obviously, significant lateral variations in crustal structure cause these changes in the waveforms. The transverse RFs (not shown here) contain several phases which also denote non-plane layering below MLR.
The results of the H − κ grid search at MLR are shown in Fig. 5 for different cases, including a comparison of the stability of the results based on the two data sets and the two different techniques for error estimation. The 1σ error ellipse corresponds to the standard deviations of the parameters and their correlation. Using the data from the CALIXTO99 recording period (20 RF traces), we determine a Moho depth H of 45.7 km and an average crustal v p /v s ratio κ of 1.75 (Fig. 5a ). For a constant stacking velocity v p = 6.2 km s the mean values of H and κ, σ H , σ κ and the correlation coefficient r following eqs (1)-(3). In Fig. 5(b) we varied the stacking velocity v p from 6.0 km s −1 to 6.4 km s −1 in steps of 0.2 km s −1 . The thin crosses and ellipses represent H and κ solutions and their 1σ intervals for the three solutions which mainly lead to a greater Moho depth for increasing v p . The combined 1σ region for the three v p is shown by the thick line. The variation of v p affects preferentially only the error of H, which becomes ±1.6 km. Fig. 5(b) demonstrates that a small uncertainty as 0.2 km s −1 for v p leads to an uncertainty of the Moho depth, which is as large as the uncertainty due to the variation of the single RF traces. Thus a good estimate of v p is necessary for reliable results.
The comparison of the bootstrap resampling technique (BT) and the chi-square estimator (CE) is shown in Fig. 5(c) for different v p and 5(d) for different numbers of RF traces. In the case of 20 RF traces both methods gain similar values for the mean model parameters which are within similar standard deviations (Fig. 5c : H = 45.7 ± 1.6 km and κ = 1.75 ± 0.03 for BT compared to H = 46.0 ± 1.8 km and κ = 1.75 ± 0.04 for CE). In Fig. 5(d (H = 45.1 ± 1.4 km and κ = 1.79 ± 0.01 for BT compared to H = 45.0 ± 1.5 km and κ = 1.79 ± 0.04 for CE). Compared to the results in Figs 5(a) and (c) (20 RF), the much lower amount of RFs there seems to be enough to achieve well-constrained results.
The dependency of the bootstrap estimation from the number of used events (n) and the amount of ensembles (L: 10, 100 and 500) is displayed in Fig. 6 . As maximum n we choose 20, because this is a typical amount of RFs for a temporary station deployment. The horizontally dashed lines represent the result derived by the chi-square estimator using all 20 RFs as reference. We find that L mostly controls the smoothness of the curves but not the actual result. Between 10 < n < 20 the results of the bootstrap analysis seem to be approximately constant, especially for the Moho depth (Figs 6b  and d ). For n < 10 the results scatter widely and clearly depend on n. Consequently, we suggest that the bootstrap method provides unreasonable results for stations with less than ∼10 good recordings. The chi-square estimator for n = 20 is in good agreement with the bootstrap analysis. For stations with less than ∼10 recordings it is also not stable (not shown here) and the results should be interpreted with care.
To determine an improved crustal S-wave velocity model for station MLR, we fit the measured stacked RF waveform to a synthetic RF by waveform modelling and inversion of v s (see 3.6). In order to minimize azimuthal effects, we considered only the sum of the 20 RFs from the CALIXTO99 recording period, which contains events with azimuthal directions between 350
• and 90
• and avoids major disturbances with sedimentary phases (see Fig. 3 ). The measured stacked RF trace is shown in Fig. 7(a) as trace 1 and dashed in traces 2-5. The starting model (dashed line) in Fig. 7(b) is taken from Raileanu et al. (1998) who determined the crustal structure below MLR from geological models and traveltime data of local events. The basement, Conrad and Moho discontinuities are placed at 8, 24 and 50 km depth, respectively. The comparison between the synthetic and observed RFs (trace 2) shows a quite poor agreement. By further waveform modelling, a better fit to the data can be obtained. In the first step the result of the grid search is included, and the Moho is shifted to 45.7 km depth (trace 3). Then the depths of intracrustal discontinuities are adjusted (trace 4). Finally, we fit the amplitudes by inversion of v s (trace 5) and obtain the best-fitting model (Fig. 7b, solid line) . This v s model is similar to the v s model by Raileanu et al. (2004 Raileanu et al. ( , 2005 2.
Moho 50 km (Raileanu et al. 1998) 3.
Moho 45.7 km (grid search)
4. Depth-Fit (Conr., Sedi.) 5.
Amplitude 5 km relative to the surrounding region. The Conrad discontinuity is at about 20 km depth, and presumably sedimentary layers with v s < 3 km s −1 reach down to about 5 km depth.
TIRR and CALIXTO99 stations
We apply the RF and error analyses as discussed in the last section also to the data of the new GEOFON station TIRR and the CAL-IXTO99 data. We obtain RF waveforms of sufficient quality for 65 CALIXTO99 stations. For 28 stations (labelled in Fig. 2 ) the H − κ grid search leads to reasonable results, for the remaining stations the inversion for H and κ is spoiled mainly by interfering sedimentary phases. We observe a strong variation of the RF waveforms and their quality over the whole network. Especially in the southern part of the network, only few stations exhibit coherent RF waveforms, and only six stations are included for the H − κ inversion there. Table 1 contains the locations of the stations used for the grid search, the number N of RF traces and the solution of the H − κ inversion with the respective errors. In addition we compare the results of the controlled source seismology (CSS) experiments VRANCEA99/2001 with stations close to these profiles. Fig. 8 displays radial RF examples for four CALIXTO99 stations in different tectonic regions: E03 at the eastern transition to the Carpathian Mountains, E25 in the sedimentary foreland south of the Focsani Basin, C03 in a small basin between the Carpathian Mountains and the South Harghita Mountains and F01 in the East Carpathian Mountains. The RF traces in Fig. 8 are sorted by ascending BAZ as in Fig. 4 . The variation in the waveforms at the stations reflects seismic noise and mostly the local inhomogeneous geological settings with distinct 3-D structure (sediment basins, mountains, . . .). Most stations record converted phases at around 1-2 s, which can be attributed to the lower edge of the sedimentary layers or upper boundary of the crystalline basement, and at around 4 s from the Moho discontinuity.
The waveforms at station E03 exhibit a dominant sedimentary phase around 2 s (Fig. 8a) . The Moho depth H = 35 km derived from the grid search is a bit shallower than in the seismic refraction VRANCEA99 model (Hauser et al. 2002) which is about 25 km west and closer to the Carpathian Mountains. The v p /v s ratio κ = 1.95 at E03 is quite high and higher than in the model by Raileanu et al. (2004) . In contrast to E03, the waveform at E25 contains the first significant phase at around 4 s delay time (Fig. 8b) . With an average crustal P-wave velocity of 6.2 km s −1 , the grid search yields a depth of 31.0 km for this conversion interface ( Table 1 ). Assuming that this interface is the crust-mantle boundary, the result is smaller than in the seismic refraction model VRANCEA99 of Hauser et al. (2002) , which indicates a Moho depth of about 40 km some 20 km north of station E25 (Table 1) .
A small sedimentary phase can be observed at station C03 (Fig. 8c) where the most dominant converted phase has a delay between 3.5-4.0 s. This corresponds to a shallow Moho depth of 27.0 km, which also differs significantly from the seismic refraction models and may indicate a transitional region to the Transylvanian Basin. Fig. 8(d) displays the RFs at station F01 with a prominent phase from the sedimentary basis. The inverted RF waveforms yield a Moho depth of 38.5 km here, which is in good agreement with the nearby seismic refraction model (Hauser et al. 2002) .
To derive 1-D shear wave velocity (v s ) models as well as to test and improve the grid-search results, especially at stations with unreasonable or ambiguous grid-search results (e.g. E25 and C03) RF waveform modelling was done for a more detailed analysis as described in Section 3.6. As starting model we take as a priori information the grid-search solutions and the available seismic refraction models. Fig. 9 shows the inversion results for the four stations whose waveforms are displayed in Fig. 8 . For station E03 the initial model already yields a good agreement between the observed and synthetic RFs (Fig. 9a lower waveforms) but with lower synthetic amplitudes. The inversion of the depth-dependent v s structure clearly improves the amplitude fit and finds a small low-velocity layer in the lower crust.
For stations like E25 and C03 we tried several different starting models, e.g. models including shallow Moho depths or deep sedimentary basin structures. For station E25 we set the Moho to 41.3 km depth and introduced an additionally interface at 16 km depth, which stands for the lower boundary of the sedimentary trough close to the Focsani Basin. After the final inversion the velocity model at E25 suggests a dominant v s contrast at the basement-basin transition and furthermore, the Moho structure remains as minor negative velocity contrast. This unrealistic low v s zone at the bottom of the crust indicates a strong distortion of the Moho conversion phase by the strong sedimentary multiples and should not be used for further interpretations. The initial v s model for station C03 includes the Conrad discontinuity at 23 km and the Moho at 37 km depth (Fig. 9c) . The final inverted model has a layered upper crust to explain the converted phases and the crust-mantle boundary is shifted upwards to 29 km depth, which coincides with the grid-search result. The initial v s model for station F01 explains mostly all major phases, however, it cannot reproduce some observed additional phases (Fig. 9d ). The v s inversion results in an improved fit and confirms the crustal thickness of 38.5 km derived by the grid search (Table 1) .
In general, we observe a strong influence of the initial model on the forward modelling result and v s inversion model. Especially in the case of complex RF waveforms due to complicated layered sedimentary structures, most waveform details cannot be explained by unambiguous and 1-D-layered v s models. In these cases several different starting models can lead to similar synthetic RF waveforms and thus prevent a unique determination of v s from the RF waveforms alone.
The results of the H − κ grid search for the 28 CALIXTO99 stations, TIRR, and MLR are summarized in Table 1 and in Fig. 10 and discussed below. A comparison of the outcome from the two error estimation techniques, demonstrates the consistency of the mean model parameters in both cases. At most stations the bootstrap analysis leads to a smaller error for the v p /v s ratio κ and to a significantly larger value for the uncertainty in H compared to the chi-square estimator result.
DISC U S S I O N A N D C O N C L U S I O N S
The bootstrap resampling technique provides estimates on the variance of the model parameters, for example, ∼1-4 km for the Moho depth H at the CALIXTO99 stations. The variation of the unknown stacking velocity within reasonable bounds causes another error of H of about 2-4 km. Thus the resulting uncertainty due to the error of v p is about the same as the error related to the data variance. Therefore, a good knowledge of v p is necessary for a proper determination of the crustal thickness. The bootstrap method leads to unstable results for H and κ as well as large errors in case of small data sets (n < 10; Fig. 6 ), because no random selection of the different traces can be performed and the stacks are still contaminated with seismic noise. Like the bootstrap method, the chi-square estimator technique becomes unstable, if only a small amount of RF traces is available. For a reasonable amount of RFs with a good signal-to-noise ratio (n > 10-15) stable models and uncertainties of the model parameters can be derived.
The large database from GEOFON station MLR enabled a detailed study of the RF waveforms including azimuthal variations and permitted a statistically well-founded analysis of the results. The RF section in Fig. 4 shows a clear backazimuthal dependence, expressed by several sharp time shifts of the converted phases from the Moho. The most obvious change in waveform occurs at BAZ ∼70
• , where an abrupt time shift from 5.8 s to 4.1 s delay time is observed. It is caused by 3-D lateral variations in crustal structure, and at least two different models can be proposed: An abrupt change of the Moho depth from 45 km depth in NE direction to around 30 km depth in SE direction or the influence of a thick sedimentary basin in the foredeep which generates strong sedimentary multiples that distort the Moho conversion. The former explanation disagrees with the seismic refraction results (Hauser et al. 2001) , which indicate only a smooth change of the crustal thickness. In Fig. 11 the Moho piercing points (crosses) of the rays related to the 198 RFs (Fig. 4) are plotted together with the sedimentary thickness in the surrounding area of MLR after Martin et al. (2005) . The dashed lines correspond to the contour lines for basement depths of 0 km, 10 km and 15 km, respectively. The different colours of the crosses represent the BAZ intervals of 315-70
• and 180-315 Fig. 4 ) and E25. In addition the depth to the basement is displayed after Martin et al. (2005) . Depths < 0 km means outcropping crystalline basement. Piercing points for events with BAZ > 70 • at MLR are situated in a dipping sedimentary basin.
as mentioned in section 3.1 (dotted lines.) The piercing points with 70
• clearly correlate with the edge of a depression in the sedimentary foredeep basin. Therefore, we assign the observed time-shift and the azimuthal change of the RF waveforms at MLR to a 3-D effect of the sedimentary structure in the foredeep. Station E25 is also situated in this region with a strongly dipping basin structure (Fig. 11) where the piercing points lie below a dipping interface. The grid search finds a shallow and prominent conversion interface at around 30 km depth which is too shallow for the Moho and too deep for the upper boundary of the basement. The waveform modelling for station E25 (Fig. 9b) determines the bottom of the nearby sedimentary Focsani basin at about 17 km depth, which is close to the value of about 20 km from seismic refraction modelling (Hauser & Railenau, personal communication, 2004) . For this interface, the H − κ grid search yields a wrong depth result, since the assumed stacking velocity (mean crustal v p ) is much too high. These examples demonstrate that we have to consider the influence of 3-D crustal structures carefully during the interpretation of the H − κ grid-search results. Fig. 12 summarizes the smoothed basement topography of the whole region. For the four stations shown in Figs 8 and 9 , the sedimentary thicknesses are plotted along NS (latitude) and EW (longitude) profiles to highlight the local 3-D structure. As most earthquakes have a BAZ between 0
• and 135 • , we expect major waveform perturbations due to 3-D structural effects at stations E25 and C03. Respective complicated waveforms are indeed identified by the RF waveform modelling, which leads to complex and ambiguous v s depth functions for these stations (Fig. 9) .
Our main results are presented in Fig. 10 which shows the distribution of the mean H − κ grid-search results after the bootstrap analysis (coloured circles). The diameter of the circles is proportional to the number of used RFs. The RF results are compared with the Moho model (background colour) by Martin et al. (2005) which is derived mainly from the seismic refraction models, preliminary RF results and interpolation at the CALIXTO99 sites. The numbers next to the station sites denote the κ value determined by the grid search. For most CALIXTO stations in the region of the Carpathian Orogene and the East European Platform we observe a rather good (b) Figure 12 . Topography of the basement in SE Romania after Martin et al. (2005) . Profiles in NS and EW directions through four CALIXTO99 stations sites visualise the complex lateral variations in crustal structure.
agreement with the background Moho depth model. For stations MLR and E21 we obtain the maximum crustal thickness of 45 km in the SE Carpathian Mountains. This is slightly larger than in the seismic refraction model (41 km) which is located to the east. In the SW part of the network the RF results indicate a thicker crust (∼33-35 km) than in the background model. Although the amount of RF data is low in this area, our results should be preferred, because the background model is hardly based on reliable measurements in this area. The RF results at stations in the Transylvanian Basin indicate partly a shallow Moho (28-30 km depth). On the East European platform we find a crustal thickness of 35-39 km in the northern part of the CALIXTO network. Further to the east the Moho descends to 40 km and even 44 km depth. The lack of RF results in the SE part of the network is due to incoherent RF waveforms between different events which may be due to increased cultural noise and reverberations in up to 10-km-thick sediments. The spatial distribution of κ which corresponds to the average v p /v s ratio of the whole crust, shows no significant pattern but rather large variations. Some increased values of more than 1.8 mostly correlate with thick sedimentary layers. This agrees with the seismic refraction model of Raileanu et al. (2004 Raileanu et al. ( , 2005 that has 1.9 < κ < 2.1 in the uppermost sediments along the VRANCEA99 line. However, a further interpretation of our κ results is abandoned, because the average κ over the entire crust is not meaningful due to the influence of the thick sediments.
